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Technical Report Summ ary

• Body wave travel times, surface wave dispersion data , and gravity data are
being studied to refine the structural details of the crust and upper mantle

t within the northern Basin and Range. Seismic refraction and Pn—delay data ,
and gravity data were used to examine variations in crustal thickness. The
crust varies in thickness from 35—40 km in the vicinity of Mono Lake, to 28 km
in the western part of the Battle Mountain heat flow high and 45 km in central
Oregon. Higher mode Rayleigh wave group velocity data are in agreement with
the thin crust in the northern Great Basin.

Details of the mantle lid structure have been examined using higher mode
dispersion data. Phases identified as Sa

+
or long—period S~ (T 13 sec) are

observed to have a phase velocity of 4.50—0.03 k/s. The observed excitation
and phase velocity of the Sa phase are in agreement with theoretical seismo-
grams and computed phase velocity curves for the GREAT BASIN model. The agree-
ment provides added support for the existence of a mantle lid of velocity
4.5 k/s and thickness about 30 km in the Great Basin. Fundamental and higher

• mode dispersion data for southern Nevada and Arizona indicate the structure of
the southern Basin and Range is similar to that of the Great Basin.

Research Effor ts

A. Refraction and gravity studies

Refractipn data , array record ings of local and regional earthquakes
and explosions, and gravity data have been used to derive a crustal model
for the northwest Basin and Range Province. The Pg and Pn velocities were
determined to be 6.1 k/s and 7.8 k/s respectively. No evidence was found
for an intermediate crustal layer , however, P arrivals suggest an increase
of velocity with depth in the crust. Array data indicate that the Pg and
Pn velocities are relatively uniform over the northwest Basin and Range,
hence variations In travel—times from NTS explosions and variations in the
gravity field are interpreted primarily in terms of varying crustal
thickness.

The single layer crustal model determined from the seismic and gravity
data thins from approximately 35 km in the vicinity of Mono Lake, to 30 km
along the Walker Lane east of Mono Lake, and to 30 km in the vicinity of
Reno. The minimum crustal thickness of 28 km occurs near the southern
boundary of the Carson Sink. North of the Carson Sink—Black Rock Desert
area , the crust thickens to approximately 45 km in central Oregon. The
gravity data is in agreement with the seismic model providing there Is an
increase in the average crustal density of 0.10—0.15 g/cc from the more
acidic crust of central Nevada to the more basic crust of northwest Nevada
and central Oregon. For details of this study see Appendix A.

B. Surface wave studIeø ‘2

Higher mode surface wave observations within the Great Basin of Nevada
and western Utah have been analyzed. Th~se consist d~ a Sa or long—period
Sn phase observed for a number of earthquakes located off the coast of
Oregon and Washington and crustal higher modes for moderate earthquakes
located within the Great Basin.

- ~~~~



2.
• t

• The Sa phase has been identified as consisting primarily of the
third higher Rayleigh mode and propagating with a significant energyj content within the mantle lid . The energy is trapped within the lid by
the natural positive velocity gradient resulting from the earth’s spher—

t icity. The 4.50±0.03 k/s phase velocity of the Sa phase is in excellent
agreement with the 4.50 k/s shear wave velocity of the lid determined
from fundamental mode dispersion data. The l3TZ Sec predominant period
of the Sa phase corresponds to wavelengths comparable to the thickness
of the lid determined from the fundamental mode data. Thus this higher
mode data provides strong support for the existence of the relatively
thick mantle lid of the GREAT BASIN model (Priestley and Brune, 1978).

The crustal higher mode data indicates there are significant vari-
ations in the crustal thickness within the Great Basin. The fundamental
mode data indicates an average crustal thickness of 35 km. However, across
the northern Great Basin, the area of the Battle Mountain heat flow high,
the crust is as thin as 23 km. For details of this study see Appendix B.

Surface wave data for the path Tucson, Arizon—Tonopah, Nevada has
been analyzed. Fundamental mode Rayleigh and Love mode curves are shown
in figure 1. These curves indicate the crustal and upper mantle structure
of the southern Basin and Range is very similar to the structure of the
Great Basin. The Sa phase discussed above propagates with little attenu-
ation to Tucson indicating a mantle lid structure similar to that found In
the Great Basin,

Field Efforts

A. Long—period seismic network: We are currently operating four WWSSN—type
long—period seismic stations in the northern Basin and Range (fig. 2).
Funding for operation of these stations is primarily from the National
Science Foundation. These instruments are providing data for several
studies. These include: (1) structure of the western Snake River Plane
and Battle Mountain heat flow high from surface wave dispersion; (2)
S—delay and S—to—P conversion studies; (3) long—period studies of regional
Basin and Range earthquakes. Examples of data are shown In figure 3.

B. Battle Mountain reflection data: Seismic reflection data has been collected
along a 30 km long line south of Battle Mountain, Nevada , using quary blast
at the Copper Canyon mine as a seismic energy source (fig. 4). We have
recently obtained a package of programs from R. B. Smith (University of Utah)
for analysis of reflection data and have begun implimentation of these
routines.

C. Snake River Plane refraction experiment: During September, 1978, a cooper-
ative research eff ort for study of the seismic structure of the Snake River
Plane was conducted . This included both United States and European univer-
sities and the U. S. Geological Survey. The University of Nevada with
Scripps Institute of Oceanography (James Brune) deployed 25 instruments
along a 250 km line crossing the northeastern Great Basin boundary with the
Snake River Plane (fig. 2). Seismic energy generation was somewhat less
than anticipated , however data from the shot point near Burley, Idaho was
recorded to a distance of 200 kit. Broad—band digital recordings in the
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d i s t a nce range 10—100 km should provide good est imates  of a t ten u at i o n  iii
the volcanic c rust .  Some reversed data  was recorded in th e J arb rj g e  area
from quary blast at Ca r lt n , Ne vada. I’n recordings f rom NTS test were made
across the Great Ba sin—Snake River  Plane bound ary.

D. Attenuation Studies:  Broad—band d i g t . m i  r e f r a c t i o n  data has been col lect ed
at a number of new sites along the Tonopah refraction profile described
above. This data will provide information on upper mantle attenuation. We
plan to record on additional tests in late spring. In addition to the NTS
test , we have recorded several regional earthquakes for study of depth
descriminants (fig. 2).

~~~~~~~~~~~~~
\ r~)’

~ ~~
\ 

j~~~t If 
- - - -

1 ~~~~~~~~~~-

I t~~ r~’~~•~--\_
~

c . 1~~~ jor

\
D ~

V 



O i ~or

~~~~~~~~~~~~~~

J2
~~

0

i 

~~~~~~~~~~
/

1. ~4QRF.N *

(~~ TNr

•c\

~~~

•W ~
4SSN - ..... 

TUG

o UNK Long-ported net (NSF ) ‘2

UNR Broadband recording sites

* LLL Broadband recording s t t i ’ s

* Broadband refract ion recording sites

.1
- -—-- --—--~~~~~~ ~~~~-~~~~~~ - -~~~~~--- - -- ~~- -~~~~~~

-
~~~

-
~~~~~~ -



~~-~~~~
--

~~~~~~~~~~~~ • ~~~~~~~ - •

4. 0 -

U

RAYLEIGH ~~~~~~~~~~~~~~~~~~
-- -

~~~

/~~A
0
C.) S

• U

i~
. 

- : O,, TOP3OP*I%
0 5

E
2
-~~~ 3.0 -
>- S

I—’ -L

10 20 30 40 50

S
LU
>
LU

LOVE

4.0 

2
,
7

/
V

3.5 2~ 3
1
0 40 

— 
5~o

PERIOD (seconds j

— -—

~~

— - -
~~~
— 

_ _ _ _ _ _ _ _ _  —-~~~~~~~ - -— —p -



- • •~~--~~~ - • -- ---- ~~~~~~~~~~ -- -- - -~~--
— .

~
. .

~~~~~~~~~~~

,•5 5~

= _~~4 _  
_ _  

_ _ _

_ _ _  ~—f ?-

— — — - 
is

_~~~~~~~~ S4~~~~~~~~~~ 
I..

4; ~~~~~~~~~~~~~~~~~~~~~~ ~~~=— I
_____ 

- I
— ~~~~~~~~~~~~~~~~~ — L...J

____ 
.—,t~.— __t~ — J

-~~ ~- - 
-

-
~~~~~~~ 

t.~~~—.-. -
~~~~ -.- 

- — -.
~~~~~~~~ 

.—.
~~~~~~~~-

----- -,~~ 
‘S -

-~~~~~~~ _.l ~~~~~____ 0 ~~ ‘— 
- S

~~~~~~~~~~ a~~~~- .4 o\ ~~~~~~~- -
—.~~~~~ • ~~~~~~~~~~ m • — - ~~~

. - —

~~~~~~ (‘,J (
~d ~~~~~~~~~~~~~~~~ 

(~~ 
- _

- • -
.~~~~~~ .4 

~~~~~~~~~~~~~~~~~~~ 4 .
~~~— -~~~ .. .—.-—---—— 

—5--

._r~~~~ ~~
-~~ 4, ~~~~~~~

_ .—~~~~o .c ~~~~
_ ‘-~ 

- 5--—-— ——I. , .—~~z. 
_ —

-
_ 

__.-

Li _ CO -
N-H

0 .
~~~~~~~~~ 

—
~~~~~ 

S.-. 
~~~ 

- - - —
.-4 .~~ ~. ‘~.oO ~~~- .—
—.. (i~~ 

—--i.-. — o ... .
~~~~~

Li °‘ ~.m .~~ ‘e.i •~~~.. m .0 .-
~~

---

4, — 4, ~~~~~~~~~~~ - - - -
~0 ~ ‘- 

—.‘•-.. 
.~, 0. —.L:~~ •1 ~—

-- -~~~.44, ~. -- -~~~ I-i

L i C~ ~~~~~~~ ‘~ 
-
~~~~

Li — .0 -~~~ -~~_ 0 ~
~~o. ~~~~~~~~~~~~~~

.~~~~~~~ .. _.; -
~~~~~~

- 
-

5 . 0  ‘.4 — - 4~~~.0 ~~~~~ c-
Z 8 4) ~~~~~~~~~~~~ Z S —

1J
.4 .-4 -_ - • 0

-
~~~ —4-T~~~

—

I 

_ 

_

-~~ —~~~ — -
~~~~~~~Th_____ - 

- —~ ~



—---- -5— -- - - -5-- 5 - . -  -•~~~~~~~~~ ,.5-•- .-~~~~~~ 555--~~~~5~~ ---5-- - - -

.
.
. -%_ - S S S

~~
S 
~~~~~~ 

— --- - — - — - -.5-.-—-- .5 5- .5- - 5-- - —-5-— -5— . —- - -5--

• ~ S -  - 
~~~~ ~~~~~~~~~~~~~~~~~~~~~~ - 5-— -5 —5~~~~ - -~~

S ~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - 5 - -  -~~~~

- - - - - - -5 - —S 55- - - 5 - -  ~ - 5.s-55.• -~~~~~~~~~~~~~~ - - - 5—~~ _S5---. - -

~~~~~~~ 
~ ‘~“c~~’ ~~~~ ~~~~ 

5s SS55~ - - - -- — Ss~~ - -- s 5 5 s~S~_S. ~ _.SS~ 5SS 5•S •

~~ 
- ‘-A~ ‘

~
..- . 

~~~~~~~~~~~~~~~~~~~~~~~~  
__ .   .•~~~ .  -.

5- ’  . -
‘

- V.-
. ~~~~~~ ~~~~~~~ 

~ U ’1f - - — — 
I

.i
_

~ 
,~~

I
(_~_~ ’ —-—  —*~~~~~ - ——-—-- -— —

\~ ~~~~~~~~~~~ — _ • •  •~~~~ -

:~~- • _ 5-_ -5•~~~~~~~~ _ - 5_ •__ 5 _  5- —- —5- - .— 

I

~~~ 
~~~~~~~~~~~~~~~~~~~~~ - - - - — - - -- - --

~
- 

~. 
. 
~~ 

5 _ 
~~~~~~~ ~

. 51
1 

S

~~~~~~~~ \~~~~ 

S

~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~

I~~~
’ • ~ ~~~~~~ 1

‘~

S ’ 
‘~ :~ 

~~ 
~; 4

1 ~~~~~~~~~~~~~ _ v
~

l
~
._ 5-.

~
s 

~‘.\wM*..~.
_\..._..sSS~.r_.I ‘ r ~

~ 
\r . 

.
,.

,
-
~~ ~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

5——  5— --.5— -- — • - —— - • - — -5-- - 5-— . 5 -- - -

— - 
- \- .. L ~~~ 

S~~ \ ‘i(s5 ç ’  ‘,~ 
~~ 

-5-. — —5— • — 5--— - 5-- —5 — — - 5  -.5- 
I

i
- ~ 

5- — ~ ( \ - 5~~\\  ~~~~ 
-~ ~

.¼sI
~?~

k - • - — —5 - - - -  — — --5- - - -  - 4
- — - - — - ——- --— —-— - - — - 5 -  - - -

i
,.
. 

~~~l
’
IS~
:, ~ • -~ • • ‘ .

~
V I

~
...’- - - - - - - - 

U

v’~ ~~ 
•
~.\ . ;~~ 

\
~
:-‘

~ ~~~~~~~~ 
S J — — —  — — -  - - - - 5— —— -

- - - \ ~‘ .l. ~~~~~~~~~~~~~~~~ ~~~j~~I!~IJ\ ~~.. — ... _ _ _  — •~ .5 

~- .~~\s~~; .s\ ]~S~~~ .
~ s -5-.•-- --j-- _S5~~• .S 555 S 5 5 S ~~~~~~.5 SSS~.-5 —

~ ~ ~i:~ ~~~~~ 

~. 

—.. 

-

~~ 
\.\ 

~~~~ 
S -— - - 5 - - — - - -  5-- - - •

S ‘ %~ 
~~

• 
•~ )~ 

-\ - 

~ ,I , S~ • ~~~~~~~~ ~ --.5—- — - -  I

- 
~ 

~ 
I I S ~~ ~~ ,~~ ~~~~~ q

5 5 -  
I 

—

~ ~
. ~ ~ -

~~., ~~~~~
/
~~~
\

P 

~~~ 
- I~~A~! ~W~~1~’*~~ - — - - - - -5 -  

- -5  “-.~~‘~~~~~Ak 
~~~~~~~~~

9

a ~~~~~~~~ —~ —~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~%~~~~~~~~
_ _

_~ ~~~~~~~~~~~ — ,

_ _ _ _  ‘

I

L —~~~~~~~~~~~~~~~ •~~~•~~~~_~~- -- -5 - -  — -~~ ---- - — -
~~~

_ - - - -5-----5—-- - - - - -—--- 5.



—--~~~ ~~~~~
---- -5 - .- -5 —.5—5- 5 - - .~~~~~~~~~~~~~~~~~~~ —5- -- --”-- ..- - 5_ 5  -— .-~~~~~~~~-‘ 

- - - .5---

Appendix A

LA L. ---5 _~~ _—._-5 - - - - - - _.-5--.- ---- —-— - - - --.5—-- —- -. -.5—-- - —--.--- —5----- - .------- -._ — _ _ _ _ _ _ _ _



. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -  - - -

c1~~’~~TP.L ~ r1~ ’cI’t RI : OF ‘I’UE NORTh WESTERN BASIN

AN~
) !~A N G E  PROVINCE

BY ~Z E I F 1 I  P R I I - S I’I l- Y AND GLENN F E ZIE

Re t ic t I on Ja t ~i • at av !l ’. - ) r d  n q s  of l o c a l  arid req i ana l

ear t :~~~~a — . i ’s  t n d  • - 9los ions - and  q ra~.’j t v data have been used to

de r t v t ~ a c i n s t  i i ~odo1 t o t  hv n i t  hwo~~t Basin and Ran~re pr o \- in c e .

1’ t 5 C T  S a I fld t ’ I ~~~~~~ ‘ - I ic t i t ’  S WI • - rn t ‘~ • . . k “s

an - 7 . H • n ‘c V . I ~ ~~ r I he i t 5  j s • rice t an

‘r.crease in ‘ t ’ i n’ it - ;  w i t I ’ . -~~ pI h ~n ‘ i t  h t h t ’ c r n s t  and ~~er mantle.

T~’e a - i i -  •
* - a 1 l h i s — ‘i kin . hn~reve  r , t he c i  - s t a I t h i c k —

nes~ ‘ - a t  r as r ro rn  .~~1 i n  - i n  i t  v a t  ~tc’no l ak e c 2H k in , i n

he ‘- : j ~~ i n  L, - cc t h e  carson ~: j : i ~ and $ -
~ km. i n  c en t r a l  Oieqon . The

b i n  c i  - ; s  n I ,e ‘‘i (‘ i I I v o I tin ~~ rson Sink i r i d  ica ted  ~~~~~
‘ I he re-

f r a C t  ion and c~ i ’ i t v  dat a i’ con i u r ’ ct  ton w i t h  r e su l t s  t r am hea t

f I ‘-b’ “~ •a su re~~et i t s an  ~ ‘o 1 c-~ ic - - a n n  t i~~ ; i nd ica t a c ru s  ta 1 s t r e t c h  in q

and n n - s i on as nr oun) sei  h~- I5ack o - I I  ich and  ~ as~ ( 1  °7~~)

I

_ 
-.



I NTRODt’CT ION

Seism ic waves generated by underground nuclear explosions

at the  N i - - ada Test Site (NTS) have been recorded along two un—

reversed p rof i les t h r o ug h wes ter n Nevada .  These da ta and a r r i v a l

time s o~ well-recorded reg ional earthquakes and explosions at

pern a e— seismic stations i n  western Nevada have been analyzed to

deter- ne the crustal struc’tnre and upper mantle P—wave velocity

in the northwestern Basin ar (I Range province . This region in-

cludes the w o s t e r n  N e v a d a  se i sni c zone , the western portion of

tt.e Bat le t - I o - t n t a i n  h e a t  t i o w  h i  qti , arid the Great Basin boundary

w ith volcanic pro”ince of  e a s t e r n  Oregon .

Previc ius seism ic refraction wark  in t h i s  a r e a  c o n s i s t s  of

wo re--orsed and two ini ro - ersed p r o f  i los us i nq chemi cal  exp los ions

as a seisr- t c’ ~o;rce Eaton (1 1(3) reported results for a reversed

prot ile f m -- shot  p o i n t s  a t  I - ’a l l on  and E u r e k a , and fo r  u n r e v e r s e d

pro tiles f r  F a l l o n , w~n-; t ac ross  t h e  S i e r r a  Nevada  M o u n t a i n s  near

Reno , and from Falion sou h i f l t o  (
~~‘ens \‘alle \- . Johnson  (1965)

reported res-dt s for a i --ersed pt - of ile I rorn Nono Lake to Lake Mead .

The locations of t nose pto f i los are show n in t ioure 1. The time—

term st nd y of Batra (1 ‘ITO) i rid u i ’d te su l t s from ‘our stations within

o’ir area of st ~~dv .

D\T A

Refraction hz~~~i :  S ei s m o q rap h n i a c e m e n t  a l o n g  the two p r o f i l e s  is

shown  i n  f i q - re 1. The first i~r iile extends 600 km. from near



3.

Tonopah , Nevada (150 km. north of NTS) across the Lahontan De-

pression and i nto south-central Oreqon. The second profile ex-

t e n d s  200 km . front southeas t of h awthorne , Nevada (190 km . north-

west of NTS) to Reno . The Po-Pn cross-over distance within this

area ol the Basin and Patoro is typ ically 150 km. Thus , f i r s t

arriv als along both p r ofil es wi t - the possible exception of re—

‘ : ) r ( I i nq s  nea r  T o n ’) n a h , a~ - Pn . 1 1 acord i n g  s i tes  are on or

v er y  n e a r  bed rock n 1 t t  ‘ r ’n:: so as to minimize near surface and

sedimentary e t locts .

Thr  e~ - record i t ’ ;  svs t ens h a v e  1:0c c used i n  the  ret  r a c t i o n  ex—

per  i. mr .r - Signals fior : 1 P:-’ v e r t i ca l  c c ) - nonen t  se i smomet cr  were

r e n i r  i c i  -an i por 1 abl e , td - tanc r e - - ; r d i n c ;  telemetry system and on

nm i k e  n~~i v r r e ( - ( - r d o r s  - Si-  n a  1 s f rom t h r e e — c o m p on e n t  10 second

Sc I ~-tnor :ete r ’- - - o re  renordc- 1 O t  briadb and digital recorders develop—

~‘J -~ f th e  Un i- ~e rsj  ty of Nii - -’ada ( t ’ t ’pp in  a nd  Butch 1079). WWVH t i n e

C ~~ 0 oadc :ast  b-- the hat io::Oi B ur e u c i S t an d a r d s is also record-

ed on t h e  FM a r ~~ d i g i t  hi t a p o  for  a c c u r a t e  time correlation between

at  i ons .  The t i  m i n c  a c o - : i r a c  o: the dat a t ram maqnet r r tape i s

+
— a .01 seconds; that . t r am  t h e  si:iike pape r - o5 - : r d s  is — 0.05 SOc 0ti (IS

Ne t wo r Data : The TJn i vers i t - ’~- of No ” ad a  has  o p o r at - e c l  a number ot

sony ’ n on  I ‘1 seinri c, St a1 ions in western ‘- - v  ad a to monitor micro— F-
ear ’ t qu a n r i  a c t i v i t y  i n t h e  w e s t c  i n  (~reat Pas i n  ( f i g u r e  1) . Si gn a l s

— f r  - t h e s e  s 1 at  ion s  a re  Li-annm i I ad to Rena a t i d  recorded on ana log

rra~~~et j r t a r i e  1 ~~°‘ ‘! w i l t ’  W~~\ 7 B .  In t d c l i t  ion t -
i m i c n o r ’~~i- tl-r quakes , a

--5—— ~~~~~~~~~~~~ .5 -— - 5-
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- s I t id  as u s in g  t~Ve i it  s o t it  s t i e  sei I ama—

q i •ip h a i  rays havi ’ 1 ‘t’en c~ il t t i t i e  t ad l i v  K i i t t l  ( 1  ‘)72 ) t ii (‘at  I t .0111

a i t t i  Mel ’t i I I tin a l it  I Ci  i t ;  s t ( t ‘ S i it Wa s It it ig I on

f l a t a  C o t i  t’ t ’t  t o r t s :  ‘t ’ hc d at  t t i r t  t o t  I b i s  st ttd~ i s  a plautt I .  ‘~ k m .

t i t ’ .t l t ”s’(’ 1 — t  lii ’ • t \ t ’ l ~~i.~~I ’ t ’  I t ’ v . tt  I Oi l  ( i t  t he’ sh o t  pol u t  ii and

t t ’ , O t  d i t t o  s i t  t O l  - P t !  I I I t  sI at  t t v.I i t t itle s hav e lit ’t ’ n t n ’ r t e o t  eu

~‘ t  a 1 ~‘ v a I t i i i  t .0 ~ e 1 ~I a t i t v t 1 1 1 t r i o  S 0 t ‘t en I t ir r act  i ~~ i u ~ I : ;  ci t

he t i , r  I t i n t  i t s  i u t g  a I ie~ t F — n i t  F I .-u -o \ a  I ec it v ~~ 4 
1, k 1~~; • Nhttt p~ ~~i i t t
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5.

VE LOC ITY DET E R M I N A T I O N

Re t raction Study: First arriva l tim e ’s on seismic records corrected

for vari at i ons  i n  r ac orl iui; s i te elevat ion  and shot point coord i nates

are  p lott ed  i n  fiqure 2 . The first arrival data for the Hawthorne

profil e is f i t  in— the i i  i n ’

T = U . id  A / 7 ,

and  i t ;  i t t  a r p l - e t e~ as ha i rig I n , I a ’  en t i cal I v re f r a c t ed  headwave

t r a v e l I i no in t li t - iinoern iont it~i ri t i t ’ I n ’  low the M — d i s c o n t t  m u  it y

Ft r st  a ’ r i v a l s  t o r  t h e T ot i ~~~~i 1i  p rO! Ut ’  i n  t i n ’  d i s t a n c e  range  I h O

Kin , to 300 k m .  a t  a I i t  i t ’  I lie i i  I t O

‘F -= - ‘ ‘4 ~ 
‘ / •

and a r - a a l s o  j o t  er - ;ir~’t ad as Pit . At d i s t  a l ice : ;  g r e a t e r  t h a n  ap pr ox—

\ ti\?.t€ ’ l~ 4Cu ’ t-oa ni t  I hic ’ Yoo -~p .i\ p i o t  I I t -  th e I ir~~t a r r i v a l  is f i t  by

the 1 i ne

T = I .2I3 ~ 
/ / • 4 h

There is a S i n r i e s t  i n - i  at s n o t  ii p t t , t ;.o; Nil l owi r t i the fir s t arri-

val  in  t h e  d i n t i : - a i m i je I7~ t o  1 /5 km. ( ! - i r .  3). The most  1 t 1 0 t —

in e n t  i s  a p~- : t : i -~~ - i t H • t i n ’t r ’ ’n  c o l - ’ . ’ i I  v i n~ ’ - ic ~~ -; The h ì r a a-a —

p 1 tu  a a t  I ext ‘ rid - 1  n’ I i  at I lii 1~~~ , t ; e S i  i t t ’ s -  t t h a t  i t s P

( R ’ - i l  1 a t - d  r r i r t  1 0  ~ l i i i  I , 1 a~~2~ . T h i s e-ttts tal phase involves

‘~~~ j p~ a ‘r j i cal  i a f l o a t  i O u  l e ’ n- on t lii ’ s t i l t  dCO and the  M—d i scon—

t in u i  ty  and  r o ~- i l et ;  i i i  - t i t r t r i a l  C -  01 tl)( ay e  a ; t ’  c ru s t a l  v e l o c i t y .

The Pg ye b e  i t  y 
~~~~~~~~ n ot  d~ • t~ - rm i tied I r e: t i t t ’  i - c’ t i act ion da t a  .A t  near

ci i s tances  Pn n it ci i ppt’d alit I l Ot cannot lie seen  ; a t  gr e a ter  d is tances  it is

_ _ _ _  - - 5 - - -  -
~~~~~~~~~~~~~~~
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obscured by the P wave t r a i n .

The slope of the above lines i j i v e s  an e s t ima te  of the phase

velocity of: northwa rd propaqat i rig Pn.  This va lue  is dependent

on both the uppe r m a n t l e  v e l o c i t y  and the c r u s t a l  de lay  terms .

These effects are not separable with unreversed data . The sim-

ples t interpretation is that of a tlat lying , plane layered

str u c t u re w i th  t h e  phase veloci ties given above corresponding

to the true uppe r m a n t l e  v e l o c i t y .  However , p r e v i o u s  r e f r a c t i o n

results suggest the uppe r mantle vel oc i ty within the western

Grea t  B a s i n  i s  somewhat  lowe r t h a n  7 ,~ t k/s  as i n d i c a t e d  above .

The Pn v e l o c it y  f rom both reversed re t r ac t  ion p r o f i l e s  i n  t h i s

reg ion (Ea ton , l ) u 3 ; Johnson , 106’i) i s  near  7 . 8  k/s . Pn velo-

c i t i e s  de t e rmined  by a ve r ag i ng  r e f r a c t  ion  d a t a  fo r  p r o f i l e s  of

w i d e l y  v a r y in g  a z i m u t h  a re  7 . 84 k/s ( Ry a l l  and Jones , 1964) and

7 . 8  k ’s ( Pn i e s t l e y  and I 3ru n e  10 7 8) .  The phase ve loc i ty  of f i r s t

a r r i v a l s  f rom the A ug u s t , l i d  M t .  S h a s t a  ear t hquakes  recorded at

several  sta t i ons scni thwci rd a I ’n - t  t h e  Tonopah p r o f i l e  i s  7 . 7  ± 0.05

k/s  These r e s u l t s  sugges t  t h a t  t h e  uppermost  m a n t l e  P—wave vel-

oc i ty  is near 7. 8 k ’ s and the higher appa rent velocity from our

NTS refraction data for distances less than 400 km is due to a 1
0

dip to the M-discontin uity towards the south .

The Pn phase velocity observed at distances greater than ap-

proxima tely 400 km.  along the Tonopah profile is 7.4 k/s—-extremely

____  
low for the uppe r mantle . Since there are no reversed Pn record inas

— -. —-5, -- - - . 5-—- — ——- -.5 —.5 -
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in this area , it is not possible to distinguish between velocity

variations due to changes in upper mantle properties and appa r-

ent velocity variations due to changes in crustal structure .

Low Pn velocities have been observed across the northern Great

Basin (Batra , 1970; Boore an d  Stauber-personal communications ,

1978; Braile—personal communication , 1978).

The phase velocity of Pa (Bath and Arroyo , 1963) or long

period Pn has been measured  s o u t h wa rd a long  the pa th  Reno to

Tonopah.  Both  s h o r t - p e r i o d  and  lo ng- p e r i o d  record i ngs were a v a i l -

able so the phase v e l o c i t \ -  as a f u n c t i on of period could be esti-

ma ted . The resti Its are given i n  table 2. Priestley and Brune

(1978) and P r i e s t  i t ey  et a~ ( 1 170) have shown evidence  f ro m  f onda—

men ta l  and h i gh e r mode s u r f ac e  wave d i s p e r s i o n  da ta  fo r  a r e l a —

t i v el v  t h i c k  m a n t l e  l i d  i n  the  cent ra l  Grea t  B a s i n .  Burd i ck and

Helmber qer  (107 13 ) have f o u n d  s i m i l a r  ev idence  f rom P—wave da ta

for the interior western United States. Assuming the Pa phase

propagates i n  the mantle lid in a similar manner to the Sa phase

(Priestley, et al , 1979), the i ncrease iii velocity with period

suggest an increase i n  velocity with depth in the mantle lid .

Thus the low average Pn velo c i I ‘, observed for hi gh frequen.cy re—

fraction data probably app lies to the upper portions of the man-

tie lid and the Pa data suggest a positive velocity gradient with

depth within the lid.

_ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Network stu~~~: To estimate the true Pn velocity within the western

Great Basin we have analyzed arriva l time data from regional

earthquakes and explosions covering a wide range of azimuths , and

recorded at permanent western Nevada seismic stations . Arrival

times for events of table 1 were first plotted against epicentral

distance and a least-squares curve fit to the data to check that

events lay within the Pn range. The slope of this curve provides

an estimate of the phase velocity of the first arrivals across

the seismic network as a f u n c t i o n  of azimuth .

Two numerical procedures were used to analyze the network

data . First we have used a modified time-term approach (Wilimore

and B a n c r o f t , 1960; McCollom and Crosson , 1975) to analyze a sub-

set of the network data . As normally applied , this method allows

one to estimate the ref raction velocity and station delays terms

by solving the time—term equation

T- = A .  + B  +~~~./v1 -j 1- 1

where 
~~~ 

and A~~ are the observed travel—time and epicentral dis-

tb -tance of the 1 event recorded at the j station , A. and B . are
1 3

the event and receiver s i t e  c I e l a - ’s  r e s p e c t i v e l y ,  and v is the re—

fract ion ve1ocit~- . For a c e - - n i e t e  sol d ion , at least one event

and receiver occupy the sante Si  C , a requ irement not satisfied by

ou r da t a . There fore , we ivo~c’ d e t e r m i n e d  only the refractor velocity.

The time—term method assumes a h or i s o n t t a~~, plane layered structure

with velocities constant in the layers . Bath (1978) has shown the
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magnitude of errors to be expected when these assumptions are

v iolated . For the determination of refractor velocity, the most

cr itical is the errors introduced by a dipping interface . The

error is proportioned to cos Y’ where if is the dip of the inter-

face. For the region under consideration , the dip of the M-dis-

continuity does not exceed 30 which correspond s to a maximum error

of ± 0.01 km /sec in the determined velocity .

In addition , we have employed the method described by Kind

(1972) for evaluating the refraction velocity and an azimuthally

independent set of station residuals. The travel-time residuals

th th
~~~ of the i event as recorded at the j station are assumed

to consist of two parts: R1 1 a 1 1 + b3 where b~ is the station

residual which is the same for all events recorded at the .th

station and ~~ is a value which varies with station and event such

that ~~ a~~1 = 0. Then the a~’imuthally independent station residual

Is given by

1 I

The travel—time residuals have been determined by fitting a least-

squares line to the first arriva l da ta from a set of events well—

distributed in azimuth . The residuals R1~ are then the difference

between the observed and predicted arrival times. The values of

the station residuals b
1 
were then computed and these values were

subtracted from the observed data . The process was then repeated

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

—
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until the adjustmen ts in the computed refraction velocity and

station residuals became small.

These method s were applied to subsets of first arriva l data

for events of table 1; the results are summarized in table 3. ~

l i m i t e d  number of NTS events were used so as to not bias the data

from this azimuth. The upper mantle veloc i ty is 7.81 0.04 k ‘s,

in agreement with prev ious results (Eaton , 1963; Ryall and Jones,

1964, Johnson , 1*h) . The crustal velocity is (-t .05 ± 0.05 k ‘s

in agreement  with earlier erustal velocities determined in the

Great Bas in.

1
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CRUSTAL STRUCTURE

The travel-time data in figure 2 are unreversed and it is

not possible to determine the upper mantle p—wave velocity un-

ambiguously from the observed phase velocity. Variations in the

travel-t ime along the profile may result from variations in the

crustal delays due to changes in the crustal thickness or crustal

velocity , or from variations in the upper mantle velocity. We

find the crust and upper mantle velocities to be 6.1 k/s and 7.8

k/s respectively, in agreement with previous results (Eaton , 1963;

Ryall and Jones , 1964; Johnson , 1965) and find no evidence for

large or systematic deviations from these values . Assuming the

velocities are constant , the Pn delay times provide a direct

measure of the variation in crustal thickness.

The Pn phase ve loc i t ies  d e t e rm i n e d  a long  the Hawthorne pro-

f i l e , and a long the Tonopah p r o f i l e  at  d i s t ances  less than 400 k m . ,

are 7.90 k/s and 7.89 k/s respectively. Assuming and upper mantle

velocity of 7.8 k/s. these phase velocities indicate approximately

4 km. of crustal thinning along these parts of the paths. Figure

4a is a reduced travel-time plot of the Torropah profile data.

These delay terms contain informa t ion on the crustal. thickness at

both the source and receiver site. The variation in the delay

terms reflect variations in crustal thickness along the profile .

Figure 4b is an equivalent single layer crusta l model compu-

ted from the delay terms of figure 4a assuming : (1) an average

crustal p-wave velocity of 6.25 k/s based on the P velocity; (2)

.5- — —~~~- L ~~~~~~!~~~~~. ---a
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an upper mantle p-wave velocity of 7.80 k/a; and (3) a crustal

thickness of 24 km. at Fallon (Eaton , 1963). A single layer

crustal model was determined since P~ is nowhere a first arrival

nor are there strong second arrivals corresponding to ~~* within

the western Great Basin. This approximation will introduce a

small error into the determ ined crustal thickness and the hori-

zontal d istance at which the Pn ray emerges from the mantle .

However , since the intermediate layer does not appear to be well-

developed in the western Great Basin , this error should not ex-

ceed a few percent.

Under these assumpt ions , the Pn delays indicate the crust

decreases in th ickness from 34 km . near Tonopah to 28 km. at the

southern boundary of the Carson Sink . Across the Carson Sink

there is 4 km. thinning of the crust corresponding to the 0.4

seconds advance in the travel time shown in figure 4a. This thin-

ning occurs over a distance of 30 km. between stations on the

north and south side of the sink . Since bedrock recordings cannot

be made across the Carson Sink , it is not possible to determine

whether the offset is the result of abrupt crustal thinning result-

ing from a fault offset in the M-discontinuity or a gradual thin-

ning over the 30 km. distance . The thinning occurs either south of

or at the southern boundary of the Carson Sink , since the Pn arri-

vals recorded on the north side of the sink emerge from the mantle

30 to 35 km. south of the recording site .

.5--- .5- - - - — ---- —-‘ ------
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North of the Carson Sink , the first arriva l is slow in

velocity, and in the distance range 420 to 500 km., is weak in

amplitude . The Pg velocity in northwest Nevada is 6.1 k/s.

Assuming the Pn velocity is 7.8 k/s as in the west central Great

Basin, and that the first arriva l is Pn , the slower phase velocity

is a manifestation of crustal thickening . These assumptions were

applied in constructing the model for this area in figure 4b.

However, the nature of the seismogram in the distance range 420

to 500 km. indicates the structure may be somewhat more complex .

In this distance range , figure 2 shows evidence for a stronger ,

higher velocity phase following the first arrival. There are

several possible explanations for this complication , none of which

can be adequately resolved by our seismic data . These possibili-

ties include : (1) The first arrival is diffracted energy from

a zone of rapid crustal thickening with the second higher velocity

phase bei ng the refracted upper mantle arrival; (2) Arrivals in

this distance range may be the manifestation of a shadow zone re-

suiting from a velocity inversion in the lower crust or upper man-

tle ; (3) The higher velocity arrivals represent laterally refrac—

ted energy . These possibilities cannot be adequately resolved with

the available seismic refraction data , however , other geophysical

data (primarily gravity) can aid in resolving the ambiguity .

The crustal model shown in figure 4b is in good agreement with

surface wave dispersion results for the Great Basin. The average

_  __ _ _ _  _ _ _ _ _ _  .4
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crustal thickness for the central Great Basin determined from

fundamental mode surface wave dispersion is 35 km. (Priestley

and Brune , 1978). The group velocity of the second higher Ray-

leigh mode has been measured along the same path as the Tonopah

refraction profile (Priestley et al, 1979). The average crustal

thickness between the epicenter of the Adel , Oregon earthquake

(4  = 640 km. on the refraction profile) and Tonopab (A = 150 km.)

is 31 km., in reasonable agreement with the average crustal thick-

ness from the refraction data.

Gravity data provides an independent check on the variations

in crustal properties. Figures 4c-f compare the free air and

Bouguer gravity observed along the profile with the surface eleva-

tion and the expected Bouguer gravity computed from the crustal

model in f i gure  4b . The g r a v i t y  and e levat ion data are from the

National Solar and Terrestrial Data Center with supplemental grav-

ity data recorded by the authors . The gravity and elevation data

have been smoothed by computing a 50 km. moving average to remove

near surface effects in the gravity data and to provide the re-

gional trend of the elevation. The theoretical gravity has been

determined using a simple slab over a half-space calculation from

the seismic structure using the Nafe-Drake relationship between

seismic velocity and density (Grant and West, 1965).

In general, the free air anomaly is a direct measure of the

degree of isostatic compensation . The.,~free air grav ity along the
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refraction prof ile deviates little from zero, indicating approx-

imate isostatic equilibr ium. Low values occur in the distance

range 300 to 400 km. and correspond to the mass deficiency as-

sociated with the deep sed iment accumulation of the Carson Sink .

The Bouguer anomaly shows an inverse relationship to the regional

elevation . Since the effects of mass above sea level have been

removed , the Bouguer anomaly is associated with deeper mass dis-

tr -tbut ions and the effects of variations in c’rustal thickness and

- ;  composition .

The effects of sediment accumulation in the Carson Sink must

be removed t rom the observed gravity to see the effects of deeper

crustal structure . From the free air anomaly, there is approx i-

matelv a 30 mil l iq al deficiency over the Carson Sink . In compu-

ting the Bouquer correction a density of 2.67 q ”cc is assumed for

the near surface rock . The average density of the shallow seth-

ments is near 2.0 g/cc. Therefore , in making the Bouguer correc-

tion approximately 25 millicjals too much was subtracted off.

In addition , the low density sediments below sea level contribute

another 30 to 35 milliqals. Thus the Bouguer values should be

55 to 60 mil ligals more positive than shown in figure 4d. The

estimated Bouguer curve after accounting for the sedimentary de-

posits is shown by the dashed line in figure 4d.

The Bouguer gravity computed from the seismic model (figure

4e) is in reasonable agreement with the modified gravity of figure
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4d to a distance of 450 to 500 km. North of this point the fit

becomes progressively worse . The surface geology (Stewart and

Carlson , 1976) indicates the Carson Sink vicinity is roughly the

boundary between the more acidic crust of central Nevada and the

more basic crust of northwest Nevada and central Oregon. By re-

ducing the crust-mantle density contrast by 0.10-0.15 g/cc in the

area of basaltic composition , the computed Bouguer gravity is

brought into better agreement with the observed Bouguer gravity.

In northwest Nevada and south-central Oregon the crust is thicker

and the lower average ele--ation results from compensation of a

denser  cr ~. s tal  sec~~i o n .

iTh.ese r e s il t s  car - . ~e compared with other published refraction

r e s u l ts  across the c e n t r a l  and  n o r th e r n  Great  Basin  (Hi l l  and

Pa~~i se r  l -~1 -  S t auber  and Boore , l~~7 8 ) .  The r e l a t ionsh ip of our

r e f r a c t i o n  p r o f i l e s  to these earlier refraction profiles is shown

in fig ure 1. The observations of Hill and Pakiser (1966) include

both reversed r e c o r d i n g s  over short  segments , and unreversed re-

cord ings  of NTS nuclear explosions over a profile extending from

Eureka , Nevada to Boise , I daho .  From the reversed r e f r a c t i o n  data

they de t e rmined  the upper  and inwer  c r u s t a l  velocit ies to be 6 .0

k/s and 6.7 k/s, respectively, and the upper mantle velocity to be

7.9 k/s. Along this profile , the crust thins from approximately

35 km. thick south of Eureka to less than 30 km. thick in the vicin—

ity of Elko. The crust thickens northward from Elko to approx i-

___  ~~~~~~~~~~~~~~~~~~~ - — - — -
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mately 50 km. in the vicinity of Boise. Stauber and Boore (1978)

interpreted unreversed refraction data from NTS nuclear explosions

as indicating a thinning of the crust from 30 km. in the vicinity

of Austin to 21 to 23 km. in the Battle Mountain-Winnemucca area.

Seismic reflection data and gravity data further substantiate the

thin crust in the Battle Mountain—Winnemucca area.

The results of Hill and Pakiser (1966) and Stauber and Boore

(1978) in conjunction with the results of this study present a

consistent model of crustal thinning along the northern boundary

of the Great Basin.

We have used Pn arrival times from NTS events recorded at

permanent western Nevada seismic stations to examine lateral vari-

ations in the crustal structure within the western Great Basin.

Only NTS events were used since their origin times are accurately

known and the impulse first arrivals can be accurately timed . Re-

duced travel-times for the NTS events of table 1 were computed for

each record ing site. Relative res iduals were then determined by

subtracting the delay-times of the station near Mono Lake from the

residuals at the other sites. This removes the effects of varia-

tions in structure between different shot points. The delay—terms

from all events at each site were then averaged and these values

are plo.tted in figure 5a. Figure 5b is a contour map of equivalent

crustal thickness computed from the delay—terms assuming a single

layer crust of average p-wave velocity 6.25 k/s overlying a mantle

- -~ - -
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of p-wave velocity 7.8 k/s. All values have been plotted at the

point where the Pn ray emerges from the man tle.

Figures 5c and 5d are the smoothed free air and Bouguer

gravity respectively. The free air gravity averages near zero

indicating the area is in approximate isostatic equilibrium.

The Bouguer gravity is negative ; however , there is an absolute

low of -230 milligals in the vicinity of Mono Lake and a rela-

tive high of -150 milligals in the vicinity of Lovelock. The

Bouguer gravity low shows a mass deficiency in the area of posi-

tive Pn residual and thicker crust while the relative high shows

a relative mass excess in the vicinity of early residual and thin

crust.

These results are in reasonable agreement with the unreversed

refraction observations of Eaton (1963) within the same region .

For the unreversed profiles south and west of Fallon , the average

crustal thickness was 34.5 km. and 34 km. respectively. From re-

versed refraction data , the crustal thickness at the Fallon shot

point was determined as 24 km. given a crustal thickness of 45 km.

in the northern ~~ens Valley and 43 km. beneath the crest of the

Sierra Nevada mountains. However , PmP reflection data along the

two profiles suggested the crustal thickening along the Fallon—

Owens Valley profile took place within 50 km. of the Fa) ion shot

point and along the Fallon-Sierra Nevada profile took place abrupt-

ly 40 km. west of Fallon . Our Pn delay data suggest the cruBtal

- -- . 5
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thickening takes place both south and west of the points sug-

gested by Eaton .
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SUMMARY AND DISCUSSION

We have examined the structure of the crust and upper mantle

of the northwest Basin and Range province using refraction data

from the Nevada Test Site , network record ings of earthquakes and

explosions , and gravity data . The Pg and Pn velocities were de-

termined to be 6.1 k/s and 7.8 k/s respectively. No evidence was

found for an intermediate crustal layer, however , P arrivals sug-

gest an increase of velocity with depth in the crust. Array data

indicate that the Pg and Pn velocities are relatively uniform over

the northwest Basin and Range , hence variations in travel-times

from NTS explosions and va r i a t ions  in the g rav i ty  field are inter-

preted primarily in terms of vary ing crustal thickness.

The s ingle  layer c rus ta l  model determined from the seismic

and gravity data thins from approximately 40 km. in the vicinity

of Mono Lake, to 30-35 km. along the Walker Lane east of Mono Lake,

and to 30 km. in the vicinity of Reno. The minimum crustal thick-

ness of 28 km. occurs near the southern boundary of the Carson Sink .

North of the Carson Sink-Black Rock Desert area , the crust thickens

to approxima tely 45 km. in centra l Oregon . The gravity data is in

agreement with the seism ic model providing there is an increase in

the average crustal density of 0.10-0.15 g/cc from the more acidic

crust  of central  Nevada to the more basic crus t  of northwest Nevada

and central Oregon .
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The thinner crust found in the northern Great Basin coin-

cides with the western portion of the Battle Mountain heat flow

high (Sass et al, 1976). Suppe ~~ al , (1975), Smith (1977) and

Lackenbruch and Sass (1978) have suggested that the northern

Great Basin is a zone of crustal rifting . Priestley and Brune - -

(1978) have shown the mantle shear wave structure of this area

to be similar to that found in other areas of crustal rifting .

McKenzie (1978) has proposed a simple mathematical model re-

presenting such a zone. In this stretching model, the litho-

sphere is extended and thinned , resulting in an upwelling of

warm asthenospheric material with a resulting rise in the geo-

thermal gradient. Since the lithosphere is isostatically corn—

pensated throughout the process, there is an initial subsidence

associated with rifting . If the volcanic activity 16—17 m.y.B.P.

marks the initiation of rifting , the subsidence and heat flux

now observed indicate a stretching of the lithosphere by a factor

of 2. The geology (Stewart and Carlson , 1976; Schilling—personal

communications, 1979) indicates the rifting process -is somewhat

more complicated than the simple model of McKenzie (1978). The

subsurface basaltic intrustions and buried basalt flows found in

the vicinity of the Carson Sink suggest that, at least in this

area, part of the extension is accommodated by intermittent ba-

saltic intrusions into the crystalline crust (Lackenbruch and

Sass , 1978).
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TABLE 1. Eplcentral Information for Earthquakes Analyzed in This Stud y

Date Origin Time Latitude Longitude Nuclear Event

Jan. 6, 1975 11h17m12.3s J5.931N 120.534W
Ma r.  28 , 1975 02h 3 1m0 5 .75 42. 06 1N 112.548W
Jun. 3, 1975 14h20m00.l7Os 37.340N 116.522W Stilton
Ju n. 3 , 1975 14h40m00 .lO6s 37.094N 116.034W Mizzon
Jun .  19, 1975 l3hO OmOO.090 s 37 .350N 116.320W Mast
Ju n. 2b , 1975 12h30m00.16ls 3 7 . 2 7 9 N  116.369W Camembert
Aug . 1, 1975 2Oh2Ocnl2.9s 39.439N 121.528W
Aug. 31, 1915 11h27m39.7s 40 .950N 119.113W
Sep . 6 , 1975 17h00m00.113s 37. 023N 116.028W Marsh
Sep. 26 , 1975 02h3 1m6.8s 39.490N 121.573W
Sep. 2 7 , 1975 22h34m38.ls 39.512N 121.537W
Oct. 2-. . 1975 l7hllm2b.096s 32.221N 116.179W Husky Pup
Oct .  28, 1975 l4hJOznOO.160s 37.290N 116.411W Kasseri
Nov . 15 , 1975 03h35m 1.6s 39.4 17N 121.572W
Nov . 20, 1975 lShOOmOO.093s 37.224N 116.367W Inlet
Dec. 20 , 1975 2Ohb OmOO. 164s 3 7 . 2 2 6 N  116 .165W Ch iber ta
Feb. 4

, 1976 14h20m00.1 12s 37. 092N 116.15 1W Kalon
Feb. 4, 1976 14h40m00.163s 37. 165N 116 .074W Lsrom
Feb. 12. 1976 14h45m00.163s 37.314N 116.534W Font ina
Feb. 14 , 1976 l lh JOmOO . 162 s 37 .32 6N 116.452W Cheshire
Mar. 9, 1976 l4hOOmOO.094s 37.399N 116.492W Estuary
Mar. 14, 1976 12h30m00.l63s 37.359N 116.514W Colby
Mar. 17, 1976 14h15m00.092s 37.308N 116.435W Pool
Mar. 17, 1976 14h45mO0.091~ 37.l72N 116.074W Strait
May 12 , 1976 19h50m00.170s 37.290N 116.234W MIght Epic
Ju n.  20, 1976 l0h15m24 .Os ~.O.394N 120.518W
Ju n. 24 , 1976 l5h44m44.3s 40.418N 120.578W
Jul .  6 , 1976 03h55ml6.2s 39.399N 121.601W
Ju l .  27 , 1976 20h30m00.079s 37.153N 116.138W Billet
Aug. 22 . 1976 10h14m6.5s 38.910N 116.430W
Nov. 23, 1976 15h15m00.163s 37.217N 116.076W Levre
Dec . 21, 1976 lShO9tnOO.l66s 37.189N 116.074W Aslago
Dec . 28 , 1976 lShOOinOO.076 s 37 .lO4N 116 .074W Rupper
Apr. 5, 1977 l4hOOinOOl6bs 37.153N 116.172W Marksilly
Apr.  27 . 1 9 7  lShOOmOO .084s 37. 197N 116. 12 8W Bulkhead
May 25 , 1977 l7hOOtnOO.076s 37.193N 116.148W Crewline
Aug. 4, 1977 16h40m00.074s 37.115N 116.068W St rake
Aug. 19, 1977 17h55m00.075s 37.200N 116.095W Scantling
Sep. 15, 1977 14h36m30.ls 37.003N 116.043W Ebb Tide
Sep. 27 , 1977 14h0Om0O.2~ 37.l5lN 116.068W Coulmmlers
Oct. 26 , 1977 lAh lSmOO .ls  37 .008N 116.017W Bobstay
Nov. 1, 1977 l8hO6mOO.ls 37.188N 116.213W Hybla Gold
Nov. 9, 1977 22h0Om0O.1~ 37.072N 116.050W Sandreef
Nov . 17 , 1977 19h30m00.ls 37.021N 116.025W Seamount
Dec. 14 , 1977 15h30m00.2s 37 .136N 116.086W Farallones
Feb. 23, 1978 14h00m00.lbls 37.124N 116.064W
Mar. 23 , 1978 16h30m00 .000s 37.099N 116.020W
Apr. Il, 1978 15h30m00.073s 37.299N 116.326W
Apr. 11, 1978 17h45m00.161s 37.233N 116.368W
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Date Origin Time Latitude Longitude Nuclear Event

May 23, 1978 05h47m55.8s 40.890N 117.310W
Jul. 6, 1978 22h21m21.8s 39.090N 116.220W
Jul. 12, 1978 l7hOOmOO .Os 37.078N 116.044W Lowball
Aug. 1, 1978 09h02m34.5s 41.457N 121.870W
Aug. 13, 1978 22h54m53.5s 34.350N 119.700W
Aug. 31, 1978 14h00m00.Os 37.276N 116.358W Panir
Sep. 8, 1978 16h59m46.Os 38.668N 121.905W
Sep. 13, 1978 lShlSmOO .2s 37.210N 116.210W Diab lo Hawk
Nov. 2, 1978 15h25m00.Os 37.288N 116.110W Einmenthal
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TAB I.E 2. WESTERN GREA 1~ BASIN COMPRESSIONAL WAV E VELOCITIES

Ciustal velocity

Average phase velocity from local earthquakes 6.08 K/S

P velocity 6.25 K/S

Upper Mantle velocity

Average phase velocity trots regional earthquakes
and explosions 7.81 K/S

Time—term method velocity determination 7.77 K/S

Pn residual correction method velocity determination 7.85 K/S

Average reversed—refraction velocity 7.82 K/S

Upper Mantle velocity vs. period for same path

1.0 ± 0.5 seconds perIod 7.75 K/S

3.5 ± 0.2 seconds period 7.90 K/S

9.8 ± 0.3 seconds period 8.01 K/S

U
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FIGURE CAPTIONS

Fi gu re 1. Locat ion  map showing re la t ionsh ip  of r e f r a c t i o n  p r o f i l e  of t h i s  s tud y

(bold lines) with previous refraction studies in the nor the rn  Basin

and Range. Insert shows details of the seismograph locations in the

western Creat Basin.

Figu re 2 .  T r a v e l — t i m e  curves for  the (a)  Hawthorne p r o f i l e  and (b)  Tonopah

profile.

Fi gure 3. Record section fo r  the  Tonopah p r o f i le .  Data collected w i t h  smoke—

paper recorders are indicated only by arrival times.

Figure 4. Comparison of Tonopah profile data: (a) reducted travel—time data;

(b) equivalent crustal thickness; (c) free—air gravity; (d) Bouguer

gravity; (e) elevation ; ( f )  computed Bouguer gravity.

Figu re 5. Comparison of da ta  for  western  Great  Basin:  (a )  r e l at ive  Pn

residuals; (b) equivalent crust~ 1 thickness; (c) free—air gravity;

(d)  Bouguer gr a v i t y .
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H i g h er  Mode Surface Wave and Structure of the

(;rt’:at h a s  in  of Nevada and We st em U t a h

Keith I’rh’stli’v t— —
Sc i smo l og l ea 1 Laboratory, Mackay School of Mines

(In ive rs i  t y of Nevad a • Reno , N evad a 89557

James Bru ne
I n s t  i t u t e  of Geophysics and P l a n e t a r y  P h y s i c s ,

5cr ipps lost! tut ion ci Oce anograph y
Univ e r s i t y  ci Cal  i t e r n i a , Sa n Di ego , La id hi , Cal i i  orn i i  92037

John Or~- u t t e
G e o l o g i c a l  Res e arch  l ) iv l s l o n

Scripps in st itu tion of Oceanograp hy
Univers It v of C a l l  f o r n  I a ,  San D i ego , l a  - I~-.l Ia • California , 92037

Abs t ract

Obse rved seismograms and ~iba se and group v e l o c i t y  data  fo r  c rus t  and m a n t l e

higher  mode surface waves in the Gr ea t  Basin  are compared w i t h  t h e o r e t i c a l

seismograms and dispersion curves computed for the GREAT BASIN model derived

from fundamen tal mode data by Prlestley and Br u nt ’  (1978). Phases identified

as Sa or long period Sn (T~~ 13 sec.) are observed to have a phase velocity of

4.SO±.03 km/sec . Crustal 2nd Rayleigh mode (first shear mode) waves have pre—

dorn tn .vn t  periods ~- .irv tog I~ ron about. 5 S - ~~ (10( 15 c i i  sv’me pa tlis to abtiut 8 seconds

on others.

The observed cxc i t a t i o n  and phase velocit y of the Sn phase are in agreement

with t h eor et  ic~i 1 se ismogr ams and computed phase velo cities for t he  GRE A T BA SI N

model. The agreement pros- ides added support for ho e x i s t en c e  of a inant le lid

of velo.- ity .ibou t -~ • km/sec . and hi c kness about it) km In the C rca t has in ,

The c rvi s t _ v I higher mode group ye icc it v obsorvat tons , i .v’ . • tb.’ predominant

periods of the 2nd R .v v l e i gh  mode along var ious  pa ths refle ct var i- i t tons in

crustal thickness with in the Great Basin. Crust~il thicknesses of approx imately

20 km are indicated for sonic paths in nor thwes tern  Nevada and southeas tern

Oregon whereas crustal thicknesses of greater than 35 km are indicated for east—

central Nevada. The crustal thickness of IS km in the GREAT BASiN model is

probably appropr iate for the central par t of the Great Basin .

-- — 
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introduction

In a previous paper (Priest Icy and Brune , 1978) fundamen tal mode surface

wave disp ersion was measured for a number of p at h s  in the Great Basin of

Nevada and western Utah . Using th is data and existing refraction data , an

average structur al model was derived for the Great Basin. This model , refer red

to as the GREA I BASIN model has .-i 3 layer crust of thickness 35 km , an upper

mantle lid of shear velocity 4.5 km/sec and thickness 29 kin, and an extreme low

velocity layer of shear velocity about 4.1 1cm/sec and thickness about 120 km

(Table 1). The pronounced low velocity zone in this model is similar to that

found by Knopoff et al. (197 0) fo r  an oceanic rise structure , and by Knopo ff

and Schlue (1972) for the East Afr ican Rift. This result supports the conclusion

t h a t  the  Great  B asin is a zone of r i f t i n g .

Some of the questions that naturally arise concerning the Priestley and

llrune (1978) study ~i rc :

1. How much va r ilt ion in crustal thickness c-curs within the Great Basin?

Some evidence for sue Ii var tat foii ~ . b,ised c i i  oh~ c rvod fiiri damen t - i i  mo d e

surface wave dispersion was di scusse(l by l’ r I .‘st iey and Brunc ( 1978)

2. How ce r t a in  is the e x i s t e n c e  and proposed 31) km t h i c k n e s s  of the uppe r

m a n t l e  l i d  of shear v e l o c i t y  4 . 5 km/see ? ‘ib is is an interesting question

because of sugges t i ons  t h a t  In zones of ri fting , the low velocity zone

may extend to t he  c r u s t  and t h u s  a l i d  over t he  low v e l o c i t y  zone ,

tv ) ) t eal ly found  in  mor e s t ab  Ic areas , ml gu t  licE be present

To help answer these questions we have searched for higher mode surface

wave da ta which might provide independent eviden ce concerning the structure of

the Great Basin. For certain aspects of earth structure higher mode data can

often provide better resolution than fundament al mode data.

1. We have observed the propagation of t h e  Sa phase ( l o n g  per iod Sn) between

the stations Reno and Tonopah from earth quakes off the coast of Oregon and

U
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W ast i i i i gte u. S l i i  l u l l s  iC~-is e I s  I t JV e I I  l u g  i i i  t lie Upper i n a u u i l c  l i d

(analogous to Sn) its velocity should prov ide a eonstrai lit 00 th e lid

v e l o c i t y  and i t s  w a v e l e n g t h  a c o n s t r a i n t  on the lid thickness.

2. Wi’ have observed 2nd R a y ]  e I g li mode (1st shear mode waves) a I ong a number

of paths within the Grea t Basin . This nuod e has ~i steep gro up veloci ty

curve near the period of crust al resonance. The period of this steep

part of the curve is read I lv measured and is d i rectly proportiona l to the

crustal thickness (Oliver and Ewing , 1958).  Thus i t  Can be used as a

straightforward method of determining average crustal thickness over a

given path and of observing variations in cru st il thickness from path to

pa th .

DATA

Figure 1 shcws the location of the earthquakes analyzed and the paths

stud i ed .

Sa : We hav e observed a very  c lear  Sa phase  at REN and TN? from earth quakes

off the coast of Oregon and Washingt on. The Sa phase Is analogous to Sn except

that It is lower frequency and must he considered as a normal  mode or super-

posi t ion of norma l modes rather than as a ray or head wave. The name was

given by Calot (P) 4) who app lied it to a conspicuous pulse of longer period

(20—30 sec) often seen at teleseismic distances. Brune (1965), Schwab , et al .

(1974) and others h ive interpr eted It as a g u i d e d  w .iv c c (IrresIi uncl lag as a super-

position of normal modes. We will discuss its Interpretation further In a

later sect ion.

Since the epicenters of the earthquakes used are nearl y In line with the

stations REN and TNP , we have been able to measure the phase velocity of its

predominant period by phase  correlation het -~een REM and TNP. Figure 2 shows

examp les of t h i s  phase. It has a predominant period of about 13 second s (range

from about I 2—I ~ sc- ) and an arr i va I I I rn.’ ( ‘ 1  r r t’spcnd tri g .lpprOx I m ate I v to the

~~~ 
1 

— 
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a r r i v a l  I lin t’ e x i i t ~i- t e d  I t i l  Sn. I t s  gi -olup an  l v i i  t Imi’ eiirri .spouid s to .i g r o up

ye lot’ it v bet wct’n i- oiig h I 
~
‘ 4 . 0 auid 4 . kin ! sic  . Ilci ’ an si’ i t  c ouis 1st s of a gr o lu  I)

o t re I at  i v o l  y long p er  i od en e r gy , I t  s group vi’ l i l t ’ I t  y cann ot  hi ’ di ( i .  u- rn I ned .i

a c c u r a t e l y us it s p l i , i s i - Vt ’  l ot ’ i t  V .

i’s t i rna t cit phase vi’ hoc It v at a per it’d i ii 1 3 sec I r onu 6 ohs crv a  t ions

is  4. S~~. 03 km/  sec . I i i  i s  res tu  I t  w i l l  lie compa red w i t h  t he ’ore t h i  I r i ’mpu t a t  i OflS

In a later sect loui .

2uid Ray to I gli Mode : ‘ h u e  s. ’u i ’ui d R.i l e i gh  i n t u I t ’  Is  commonly  oh serv ed on long

pet ’ lcd vt’rt I~- I I si Isuu ogu- .irns is a tt - ,u in  of W I V e S  of rel ativ el y slowl y vary ing

period s ext euiti i uig  I i-ow t l c . i u  t lit ’ e xp et ’ ted S—wave ir r i v a l t Iwo  u p  to the n r r  iv.i I

o I the 1 cog pot-  lcd I ui u idaine u i t a I inisi .‘ R i  v I ~‘ I gh w i  v i ’ . l-x .iinp Ii ’s ci -~~i’ t iirith Ray l i i  gil

unodi’ dat ,u used in t Ii i s  s t  uad .iui ’ s h t u w u i  i i i  I” i giui i’ I .  i t i ’t ’ ,iii~~ t ’ (hi’ per lcd i ’hi iuigt . s

si’ sI 11W lv wit Ii ( line ( I . i’ . , I l ie i l l  ~ i ’ u ~ t cii I S c i i t ’ i t ) I t  I s  ot  t cl i  t i l t  f leo It t o

tli ’tt’ruii t u e  (li t ’ si  op1’ ~ I t l i t ’  c, u o i i p  vi ’ Ice it v vt ’i v , u t t i u l . i  t i ’ i  v . Iliuw t’~’er • I or t lie

s.lunt’ ri ’ , i s , u i l  • t l i t ’ j u t - i  t u t i  u t  lie u,, iv -- ; ~~. i u u  lie i i i ’ I i t  n i l  neil uju i  i’ , l t ’ , ui  r . i  t i. 1 v

— I ’ In ’or t-’t I t i  I c i i  t - i i  l i t  I t u t i s  ~Is’w t l i i i  l i i i - p i t -~l .m I t i n t  j u t i hid i i i  t h. s t  i’i~p pert It ’ii

of t hit ’ gr o u p  vi ’ It ’~ i t  v t ’ u i rv t ’  is dl r.’~ L Iv j ’ t i u j u i u i  I l ’ u ui i I to . iv i ’t i j~i’ d u s t  i i

( O l i v e r  •un d l - w i u i g .  I ‘j 58 I  . iu t t l  l ieni ’ ,’ I ’; v e ry  u s i - t  i i i  in dt ’t o r t n i u  tug u v e t a g e  crust .uI

t i i  I c k o c c c

We i i , i v e  mt ’,i stirt ’tl I lu’ p i i ’tit ’iii I ui l u i t  j u e r  Ititi ci  E l i .  I I  i t S  I i  I ~‘nd R ay I t ’  1gb untutli ’

liii - .1 ii uuii i lu. ’r ol I ’ l l  is i i i  t l it ’ ( u e a ( has  I i i .  l i i i ’  i .-~; iu  Its i i i ’ p r e s t ’ n t  cii I ui I’.ihlt’

In some t ,l Si ’S W I ’ W 01- &’ ahu l e to . ip pt’ tux  i ni.uI clv i ’st i m i t e  t l it ’ s i  opt ’ i i i  I l i i ’

d i s p e r s i o n  cu rv e  ( I . . ’ .,  we t h u  i i i  oli ( ’ u V t ’  d c l  l i i i  I c  tI S ) u t u S I u u i i s  in t lit ’ Wave t i’.i lii i

. iuitl  in  L i i i ’s . ’ c,ust~c we hivi ’ Ititi it ’at t’il 1 1~~i u i g t - I ii voIce I t  icc  , u u i t l  lu. ’u - i t ~ i~ . Titi ’

r e s u u l  is  w i l l  hi ’ - otii iu .i ri ’ti W i t Ii I hi . ’i ’ u i ’t I t - a l  i i  L i i  L i t  Itunc in a la t c1~ St ’t ’ t  l ou .

—- —— — — — ‘ - —.5 - —~~
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THEIJRL ’l’ (CAL CALCULA1’ I ONS

To in t e r p r e t  t he  da t a  p r e se nt e d  above , we have made two type ’s of c’,il eu l a t  louis

u s i n g  t he GREA1’ h A S  IN  i~~t le I • F i r s t  • we have t’omp I ted t he t ur e’t i t - ,i I se ismograms

us ing  a d i r e c t  wave number  In t e g r a t i o n  program developed by Apsel and Luco

( u np u b l i s h e d ) .  Second , we have compute d  phase velocity, group v e l o c i t y  and

p a r t i c l e  mot ton d tag r .um s  u s i n g  the normal mod e program of I l a r k r  ider  ( 1964 , 1970)

The ort ’t I c . i l  Se i sn iograms : Us tu g the Apse 1 md Luco d i r ec t wave’ number tn t  t~
—

gra t  ion progr am we have c a l c u l a te d  t he or e t  it - a l  se ismograms for the GREAT BASIN

model without the low velocity surface layer , over a range of distances to

il lustrate the character of the’ t h e o r e t i c a l  se i smograms . The low v e l o c i ty

surface layers were removed becau se thi’ recording stations are sited c-in bedrock.

In  comput ing  the t h eo r e t i c al  seismograms we have assumed a double couple point

source at a depth of 10 kin , corrected for Q assuming a va lue  of 300 and corrected

for instrument response for a Pres s—Ewing  15—9() long period seismograph . These

results are presen ted  in F i g u r e  4 .  The tht’oret t ea l  seismograms are remarkably

s i m i l a r  to the ’ obs erv ed  Si’ I smogr auns ( F t  gores 2 . int i  3) m d  ( ca t  tu g that t he GREA’l’

BASIN model co r r e sponds  ~‘1osoI  v to  the  e a r t h  St  r u ’  t ore of t h i s  r t ’g ion . I t shou Id

be noted t ha t  the  Si jultase and er u i st a  1 higher mode are c l t ’ , i r i y  shown and have

approximately the same’ c h a r a c t e r  as t lit’ observed so I smograms .

The perIod and p h a se  v~’ Icc it v t u t  ( l i e ’  S i  juhase’ ~~ , i i i  be dot e’i-m I u~ul ill r ee l  Iv I ri-in

the  t heore  t i cal se ismogt’arns us i rig t l i e ’  sante ’ L i t  liii i q u o  as t t ’i’ t he t’hserve’tl ~I ,u 1 a .

‘I’he p r e d om i n a n t  per l Out  and phase  v e l o e’ l i v  t u t  t l i t ’  S u  p h ase t i u l  t iit ’  t Iie’ t ’t’~~t I c i  I

sei sniogram is I J st’c’oiids and 4. SI kin! se t ’ r t ’ sl u e ’c t I v e t  y , i n  t’ X i ’ e ’ l i on t agr e emen t

w i t h  the per lcd and phase  ye’ lot ’ it v u t  t he obst’rve ’tI S~u phases

i’Iit’ predominant per led of ti lt’ t r u s t  il second Ray It’ I git mod e I s d i r e c t  Iv pro—

port tona l to c’rustal tli tcknt’ss . Thi’ GRI- A 1’ HAS IN model has a 35 km thick c-rust

and the’ predominan t  per lcd of he’ crust a 1 ~ts- cnd I-i uv It ’  1gb moth ’ is  i I. c S si’c~ uids 

~~~~~~~~ -~~~~- - 
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We m a y  , , pp rox  twa t c ’ I V cIt  It ’  t i n  h i t ’ the ave rage ’ t’t’u s t . I  1 l i i  I t ’ kuess I or I lie t,l)served

p at  Its by d i  t O t  t I v  e’ tnnpar I uig I lie ’ obse•m’ve’d .uiid tl ue .iuret teal pr i ’dom i f l ant  period i i i

the  c r u s t  .i t st’c-ouid Ray It ’ I g li mode.  l ’ liui ~ We ’ t u h t  a i i i  t h e  est im at ed  c r u s ta  I t h i c k -

ness l i s t  i’d in the  tit I rd e e l  I umn of lab  I c J

l’hie’ r t ’su its ci t h e ’ ~ihovo tht’t re’t Ical seismogram computation prov ide strong

supper t I or t lie (RFAI ’ HAS I N  nicudt ’ I det.e’rm (fled pre’v ious I y front f und .iment ~ I mod e

Ray leigh wave and l ove wave e l I  spe’r s I c i i .  I n part I c u l  ar the agrei’me ui t bt’twe e’n

t lie t ht’ore’ t h a l  intl ohse ’i ’ved Sa phase strong 1 v s up p o r t s  cxi  s teu ic  e t u  f .~ 
-
~ . 5

km/sec ve l~-ic i t  v , 30 kin t Ii u k  w a n t  Ic ’  l i d  over  t l ie I ow ye l iii’ i t  y zou ie ’ .

‘i’he cut ’e’ t I c’a 1 1) 1 spe’rs ion Cui rv  i’s ,lucl I’ m i t I t  I t ’ M~’t ion  1)1 ag u- ;mnis : i t u I d e n t  i t  v

the part tt ’ular hi gher mcdi’s c- o u t  i i h i m  lug t u u  t i l t ’  t u luse ’ r vt ’d c I , i t , i  • we h ive i’tuni put oil

P Ii i ghe’r m~ cIi ’ j u I t , m s e ’  ye ’ h u e  i t  v , g r oup Vt ’ Ice  I t  v and p .i u t  I i ’ Ic ’ m u t t  I ti n ill a g r a i n s  f e u t  t l it ’

CREA ’I’ HAS I N  u n t u de I di’ t ’ ivi’d f ruin t lit ’ t und~ume ’ ui La I mult I e sor t  . t i  e ’ wave’ il.i t , i.  l u ’

ca lcu ~c at e  these cu I’ve’s we’ have ’ used hi ’ n durn i a  I mode’ t ’onlpu t or program c-if

H , m rkr  id& ’ r ( 1 () ( ~~~ , 1 t ) 7 O )

i ’hie ’ c i l u s o r v c t l  S,i  ~I t a s e  i’omi sic S i l l c’l l t’ t~~ V ~u r d u j u .mg.m t l u g  w i t  Ii ~i pu ’ e d uu n i  I n a u t

per iod u l t  11 S O c  . ~u i i J  w i l b  a phase V t  l i i i ’ i t  v ci 4 . ‘u k / s .  ‘I ii is  pulse is composed

of a mumb o r of Ii I gher  m u d  o ccvi ’ t i rig a range u - i f  I r eque ’fle’ i t’s and  p r u- ipa g a  t i ng  v i  t ii

phase vol cc i t  v n ear  • s  . ~u k / s .  ii t we ve r , t r uin t h e ’ l i t  ghi t ’r mod e’ Ray It ’ 1gb wave phase

Ve• Ice i t  v cu r v e ’s F i gui  re’ ) I t  i ’ m  he’ Se • t’fl that t I m e  u u b s t ’r v e ’d phas e’ Is pr i mat’ I I

composed ci e’ne’r ~~v u t  ( l i e  ( i i i  r et It I g l i e r  R a y  h I  ghi  i n t u i t ’ . I ’ i  g u n ’  (u I s  ( l i t ’  eu le ’r gv

d e ’n s i t v  p l e u t  t O t  t h e ’ ( It i t ’d l i i g h t i ’ u  R , iv  h i g h  m ou l t ’ . i t  1 2 .  2’ Se ’ u t u u t cis  j u t ’t ’ l cd and

phase ’ ye lot I t  v i . u~ k,s. Peaks itt t lie ’ e ’ i t t ’r u ’v i l l  s t  t i b it t j u i i i  cec ’ uIt’  I n  t h e ’  w a n t  h e ’

1 itt • w ithin the’ low y e ’ lo t ’ i t  y ,~ont’ , . i n i  in  t b . ’ ‘.. u k/s 1 .ive’r .m t I lie base i i i  ( l i t ’

low ye l i i i  i t  V .‘tuui ’ . l i i  I s  mcdi .  u u l  pt ’ u ’paj ’~I i u l i  i S  , m t i , i l  t u g e u u u s  L u ’ I w o  r , u v s  p r t pa gat  lug

in the ’ ‘~ . 5 k / s  I , u v e u  w i t  I t t i l t ’ t h t  i i ~i l t- ,i v I i i  l i t . ’  l o w  \‘ e ’ lou ’ i t  V ~~OF i e ’  ne ’su i l t lug ( r u n t

u - , u u s t r u m u ’t i v e  m l  u i  I t ’ t ’ ( ’nt ’ i’ ci t i l t ’  s l i t I l ow , i i i i l  t h i ’t ’j i  i , m v .  h u t ’  t ’t I t ’ i  h~ V i u t t u l ) ,m ~~ l t  I ii~~

in t h e  m .m n t  I~’ I tel  i s  t u’ .m p p e ’cI w t i i  i n  t ht . ’ - e , u k / s  I ,uv c ’r  d i me ’  l i i  t i l t ’  i t , i t u m r , m I  V e ’ Iu u t I t  v

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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gradient  created by the  ea r t h ’ s s ph e r ic i t y .  This  is analogous to the f i n d i n gs

of Stephens and Issack ( 1977) fo r  short period Sit .

Figure 7 is the higher Rayleigh mode group velocity curves computed for

the fundamental mode GREAT BASIN model. The observed data for the crustal

second Rayleigh mode is Indica ted  by the short , heavy line segments. The steep

po r t ion  of the group ve loc i ty  curve is extremely sensitive to the average c rus ta l

thickness along the path of propagation (Oliver and Ewing, 1958). The relation—

k ship between the observed and theoretical period of the steep portion of the

group velocity curve can be linearly related to variations in actual crustal

thickness compared with that of the GREAT BASIN model. The crustal second

Rayleigh mode data , as pointed out previously, indicates considerable variation

in crustal thickness within the northern Basin and Range.

DISCUSSION

In th i s  paper we have presented hi gher mode sur face  wave observations wi th in

the northern Basin and Range , and have interpreted them in terms of the GREAT

BASIN model of Priestley and Brune (1978). These results are summarized in

Figure 8.

Tue Sa phase or long—period Sn phase w h i c h  is obse rved to p r opagat e al ong

the path REN—TNP , is interpreted as being composed prim arily of the third highe r

Rayleigh mode. The characteristics of this phase  arise from energy being trapped

in the mantle lid as the result of the natural ve locity gradient created by

sphericlty. The observed phase velocity of 4.5 k/s confirms the 4.5 k/s shear

wave velocity of the mantle lid for the fundamental mode model. The Sa phase

propagates across the western Great Basin with little attenuation , indicating

that the thickness of the mantle l i d  is comparable to the wavelength of the Sa

phase. The pr edom inan t pe r iod is 13 seconds co r r espo ndi n g to a ha lf wav e le n g t h

of 29 km, in reasonable agreement with t he  man t le l id thickness de termined from

I _ 
- ~~~~~~~~~~~~~~~~~~ ‘~ ~~~~~~ -~~ ~~~
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the fundamnental mede data, hf the lid thickness was significantly less than

t h i s , the Sa pulse would be rapidly attenuated deme to the leakage of energy

into the low velocity zone.

CI ta r sc’e’ouit h Ray It’ i gh mode’s have been ohsprved at l ong per lcd set smic

stations in the Grea t Basin for earthquakes within the northern Basin and Range.

This mode has a steep group velocity curve near the period of crustal resonance

and thus the period of phase can he au’cur;mte’ly determined and is sensitive to

the average crustal thickness along the path of propagation. The period of

this phase varies from 5 to 8 seconds , indicating a significant variation in

crustal thickness within the Grea t Basin. The crustal structure of the GREAT

BASIN model determined by Priestley and Brune (1978) was constrained by compres—

slona], wave travel—time data , and fundamental mod e Rayle i gh wave and Love wave

dispersion data. The available refraction data (Eaton, 1963; Ryall and Stuart ,

1963; Johnson, 1965; Hill and Pakiser , 1967; unpublished University of Nevada

data) was averaged to produce a representative set of travel—time curves for the

Great Basin. This set of travel—time curve’s indicated the average crustal thick-

ness of the Great Basin was 35 km and was composed of three layers: a sedimentary

layer (H—2,5 kin, Vp=3.55 k/s), a granitic layer (11=22.5 kin, Vp=6.10 k/s) and an

intermediate layer (11=10 kin, Vp=6.6 k/s). The average Pn velocity was 7.8 k/s.

An excellen t fit of the surface wave data was obtained by assum ing a poisson ’s

ratio of .25 and setting the shea r wave ve hun -i t ie s to 2.05 k/s. 3.55 k/s and

3.85 k/s respectively in the sedimentary , granitic and intermediate crustal layers.

The upper mantle shear wave velocity was determined to he 4 .50  k / s .

The v a r i a t i o n s  in predominant period of the c r ust a l  hi gher  mode ’ imp l ies

significant variations in crustal thickness within the Great Basin . Five of the

paths for which crLlstal higher modes were observed cross the Battle Mountain

heat flow high (Sass, et al., 1976) , an area of high con tinental heat flow trend-

ing nor theastwards from the vicinity of Reno across the northern Great Basin. 

-—-~~~~~~ - ~- - — - -~ -~ -‘—— ~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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‘Ihie period o~ crustal resonance for the Jdahio—Reno path corresponds to a crustal

thickness of 37 kin, ‘Ibis path crosses the Battle Mountain hi gh but includes

a large sectIon of p a t h  in the Snake River Plain and Oregon Volcanic Province.

The Ade l—Dugway and Ade’l— ’i’onopah paths (29.5 km and 3.1 km average crustal

thickness, respec t ively) cross the Battle Mountain high but include portions of

the volcanic prQvince and areas of more normal Great Basin heat flow. The two

remaining paths in the northern Great Basin, Add -Rena and Winnemucca—Dugway

(both 23 km average crustal thickness), are nearly confined to the region of

high heat flow. This crustal thinning within the Battle Mountain heat flow

indicated by the hi gher mode data is supported by travel—time data from Nevada

Test Site explosions throug h the same area (Stauher and Boore , 1978; Friestley

and Fezie’, 1979).

StThff’IARY

1. Higher mode surface wave observations within the Great Basin of Nevada

and western Utah have been presented . These consist of a Sa or long—period Sn

phase observed for a number of earth quakes locate d o f f  the ’ coast of Oregon and

Washingt on and crustal hi gher modes for moderat e earth quakes located within the

+ Grea t Basin.

2. The Sa phase has been identified as c o n s i s t i n g  p r i m a r i l y of the t h i rd

hi gher Rayleig h mode and propagating with a significant energy c’ontent with in

the mantle lid. The energy is trapped within the lid by the natural positive

velocity gradient resulting from the’ earth ’s spher icity . The 4.50±0.03 k/s

phase velocity of the Sa phase is in excellent agreement with the 4.50 k/s

shear wave ye I or It y of the’ I iii elet erin I nod f r om  I iimnlamni ’n t a I mode ’ d I spers Ion da t a .

The 13±2 sec predominant period of the’ Sa phase corresponds to wavelengths

comparable to the thickn ess of the ’ lid dot e’rmi mit ’d from the fu n d a m e n t a l  mod e data.

Thus this hi gher mode data provides s t r o n g  su p p or t  f o r  the  ex i s t e n c e  of the

relatively thick man t l e lid of the GRI- AT BASIN m o d e l .  

-“~~~~~~-- - - - -~~~~  - - - - -
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10.

3. i’he c r ust a  1 ii igh .,’r mode.’ d at a  m d  h a te s  t h e r e ’  are s i gn i f  I c an t  var lat  ions

in the e’rustal thickness wit h in the Great has in .  The fundamental mode data

indica tes am~ average crust a I t h i t  e ’ k mmoss of 15 kin . hlowe’vcr , acr o s s  t lie ’ nor t bern

Great Basin , the’ area of t im e ’ Battle Mt ’t iiit ,m ( m m I ie . i t  I l ow high , t I m e  c rust  Is as

thin as 23 kin.

ACKNOWLEI)GMEN’IS

This  r esea rch has been supported in part by the Advanced Research Project

Agency and was monitored by the  Air Force 0[fie’e of S c i e nt i f i c  Research under

contract F49620—77—C—0070, by the ’ National Science  Foundat ion under  g ran t

EAR77—13625, and by tIme U. S. Geolog ical Survey under grant 14—08—000I—G—433.

I

I I  

— - ---—— --~~-~~~ — -- — - - ——---- - -- - - - i—— — ~~~~~~~~~ —‘- -- - - —.- -—— —~



~— -—w—”--—.-------- ----’—.—---— - - .- 
- —

* 

REFERENCES

~rune , .1., The Sa pha~~’ fr om the Hindu Kush Earth quake of July 6, 1962 ,

Pure A pp I. Ceophys., 62, p. 81, 1965.

Caloi, P., L’Astenostera Comi Camichi—gu ld i deli’ energia sismica ,

Anna l t  dl  Goof I sica , 7 , 1954 .

Eaton, J . P . ,  Crus ta l  s t r u c t u r e  from San Francisco , California , to Eureka

Nevada , from seismic refraction measurements , Jour. Geo,p,~~ s. Res., 68 ,

p. 5789, 1963.

Harkrider , P. C. , Surface waves in multilayered elastic media. Part I.

Rayleigh and Love Waves from buried sources in a multilayered elastic

half— space , Bull. Seism . Soc. Am. 54, p. 627, 1964 .

Harkr ider , P. G., Sur f ace waves in multilayered elastic media. Part II. H igher

mode spectra and spectral ratios from point sources in plain layered

earth models , Bull. Seism . Soc . Am ., 60, p. 1937 , 1970.

Johnson , L. R., Crusta I structure between Lake M ead , N evad and Mono Lake ,

Cal ife r mii, m , J O U r .  G(’e)f)L m V S . • , 70, 
~~ 

2861, 196 5.

Knopof 1 , L. , J. Sch lue , and F. A. Sc hwab , Phase ye lee it los of Rayleigh waves

across the East Pacific Rise , Tectono~ hvsics , 10 , p. 32 1 , 197 0.

Knopof f , L. , and ,J. Schiuc , Ray leigh Wave phase veloc it ics for the path Add is

Abah a—Nairohi , T c e t on ~~pj ws ics , 15 , p. 157 , 19 72.

Ol iver , 3. and N. Ew i ng, Norma 1 mode’s of Continental surface waves , Bu l l .

Se i smo . Sen . A m . ,  4h , p . 3 3 , 1958 .

Pak 1st’ r , L. C. , and 1). I’ . ( I i i  I , So i s in h e ’ re~ f r a e  t ion s tu dy of e m s  La I structure

between time’ Nevada lest Sit e and Bo ise , idaho , Cool. Soc . Am. Bull. 78,

p. h8 5 , 1967.

Priest ley, K. , and .1. hlrune , Surface waves and the St r u e - L u r e  of t he  Great

Basin of N evad a and Western U t , m l i , ~J e u r .  Ct .Op h V s .  Res .  , 83 , p.  22 65 , 1978.

P r i e s t l ev ,  K. and C. F e z i e , C r u s ta l  s t r u c t u r e  f r o m  T o n u p ah ,  Nevad a to Bend ,

Oregon f r o m  so ism i ~
‘ ref ract ion na’asuremen t s • t ‘ lie suhmn it ted t o  l u l l .

Seism . Soc . Am.



-__ ——

-
~1

I Ryall, A. , and U .  .1. Sletar t , Trav e’ I — t i mes and amp l i t  mm d c ’ s f rom n u c l e a r  Explosions ,

Nevada Test S i t e .’ to Ordway, Colorado , Jour. ~~~~~~~~~ kt~~. , 68 , p . 5821.

Sass, J. H . ,  W. H. Dime n t , A. H. Lackenbruch , B. V. Marshall , R. .1 . Munroe ,

- T. H. Morse , Jr., and 1. C. Urban, A new heat fiwo contour map of the

conterminous United States , U.S.Ceol. Survey Open—File Rept. 76, p. 756, 1976.

— Schwab, F., Kausel, E. and Knopoff , L., Interpretation of Sa for a shield

structure , ç~~~ j~ys .  J .  R. Ast r .  Soc. ,  36 , p. 787 , 1974.

L Stauber , D . A. , and 0. M. Boore, Crustal thickness in northern Nevada from

seismic refractive profiles, Bull. Soc. Am., 68, p. 1049, 1978.

Stephen, C. and B. L. Isacks, Toward an unu~
; sL.~nd ing of Sn: norma l modes of

low waves in an oceanic ~:r.~cture , 8 u 1  ~cism . Soc. Am. ,  67 , p. 69, 1977. 

~~-. --~--  



- —  — - . - -

-

TABLE 1. Great Basin Model

Compressional Shear Wave
Layer Thickness Wave Velocity Velocity ~~~, Density p ,

H, km ci, kin/s kin/s g/cm3

2.5 3. 55 2.05 2.20

22.5 6.10 3.57 2.82

10.0 6.60 3.85 2.84

29,0 7.80 4.50 3.30

40.0 7.80 4.12 3.30

16.0 7.81 4.10 3.40

20.0 7.85 4.05 3.40

20.0 7.87 4.05 3.42

20.0 7 . 9 2  4.06 3 .44

20.0 8.00 4.38 3.46

20.0 8.11) 4.41 3.48

20.0 8.21) 4.44 3.49

60.0 8.35 4.53 3.53

60.0 8.66 4.70 3.58

60.0 8.96 4.90 3.63

60.0 9.29 5.13 3.75

611 .0 9. 65 5.34 3.91

60.0 9 .97  5.53 4 .05

100.0 10 .31 5 .76  4 .21

100.0 10.71 6.03 4.40

100.0 11.10 6 . 2 3  4.56

11.35 6.31 4.63 
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TABLE 2. Crus tal  Ih i gher  Modes

Equ i val e n t Cr usta l
Event Path Period Thickness

1/30/68 Winn. —Dug 5 sec 26 km

5/29/68 Add —1 )ug 6.8 sec 34 km

Adel ‘-TNP 6.7 sec 33 ,5  km

Adel —Ren 5 sec 26 km

6/ 4/68 Adel —Dug 6.7 sec 33.5 kin

Adel —TNP 6.7 sec 33.5 km

Adel —Ron 5.0 sec 26 km

6/ 5/68 Add —Dug 6.7 sec 33.5 kin

Adel —Rem 5.0 sec 26 km

4/26/69 Boise—Rem 8.5—6.5 sec 37 kin
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FIGURE CAPTiONS

Figure 1. Loc.it ion map showing eve’nts ana l ‘sod .end atea studied ;

tnse.’r L shows t Lie relat ie~m isIm ip of t he paths for which data

was analyzed .

FI gu re 2. Seismograms ree’nrde’d at Reno and Tonopab tor an earthquake off

Vane oemv em’ I si  anJ . I t i e’ 5, P ha so is s hmo w n as a pu i s o  pr oc cdi ng

the  f u n d a m e n ta l  mode R a y l e i gh wave a r r i v a l .

Figure 3. Seismograms for regional Great Basin earthquakes. For the Add ,

Oregon e’.mrthquake seismogram recorded at Dugway , Utah, the higher

mode dat.m ana lyzed are the m o n o c h r o m a t i c  wave train preceding the

f u ndament a l  mode Rayleigh wave. For the cen t ra l  Idaho e a r t h qm i a k e

sei smogr am recorded at Reno , Nevada , the c r u s t al  hi gher  mode

ana1v~ ed is the earl icr arriving dispersed wave train .

Figure 4. Theoretical seismograms for the Great Basin model calculated for

cp i e .’ e n tr a l  d i s t a n ce s  a p p r o p r i a t e  to t h e  observed d a t a .  Both  the

Si phase and the eremstal higher mode’ ire’ present  and in agreement

w i t h  t h e  observed per iod , Phase ye] oc I t  v , and g r o u p  Vt ’ 1~~e’ 
j t y

Figure 5. Raylei gh wave dispersion curves for t he.’ Grea t Basin model. The

observ ed Sa pha se &‘orrt ’spond s t o  ene’rgv propagat tug pr imar i iv  as

the third hi gher Ravh’i gh mode.

Figure b. Ene ’rgv dens  it v d i.igr .mn e fee t h e ’  tli i r e l  h i g h e r  Ray 1- ’  i gh  flitit h e at

N12 . 2’~ ~le ’c .im itl C~s ... ~t e  k / s .  l I i o  e mp Io ’t ’ lob is e’e*nf inent pm t m a r i 1~’

to the mantle lid.

Figure 7. Ray lei gh wave’ group v ’ b c  i t  v curves I or the ;Rt:Ai’ BAS IN mode’ I . The

group vet tiC it! es ciliSe ’ rv Clt I or t h e  e’ r em stat h igher mode dat a are’

ind icated by short 1 m e  segments.

Fi gure 8. Summary of dispersion results. ~l~ip m d  I c.mtes .lve’r mgt ’ crusta 1

th la’kne’ss along paths from hi che’r * c rims ta  1 mode tl.i t a ;  i n s e t  shows

l i t  hosphe~r i C st rime turc~ I’ rem S,m 1)11.150 v o l  tn  i t  v dat a 
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